Ventilatory response to added dead space and position in preterm infants at high risk age for SIDS 
INTRODUCTION
Prone sleeping remains a significant risk factor for sudden infant death syndrome (SIDS) (1) .
Premature birth is also a risk factor for SIDS (2) and prematurely born infants may be particularly at risk of SIDS if they are slept prone (3) . A possible explanation for the vulnerability of prematurely born infants to SIDS in the prone position might be that they are less able to respond to a stress, such as hypercarbia, in that position. The response to added deadspace (tube breathing) is a simple and reproducible method of assessing the ventilatory response to hypercarbia. Healthy infants born at term can compensate fully for an imposed dead space by increasing their minute ventilation (3) . Intrauterine exposure to smoking, however, another known risk factor for SIDS (4) , is associated with a dampened response to tube breathing in the perinatal period in term born babies (5) . In addition, at 36
weeks postmenstrual age (PMA), we found that prematurely born infants had a dampened response to tube breathing in the prone compared to the supine position (6) . The aim, therefore, of this study was to test the hypothesis that prematurely born infants' ability to respond to added dead space in the prone position would be impaired at their high risk age for SIDS, that is 45-48 weeks postmenstrual age (2) . In addition, we wished to determine whether any differences between positions in the response to added dead space were related to differences in respiratory muscle strength and/or respiratory drive and whether the response to added dead space was influenced by postmenstrual age. 
MATERIALS AND METHODS
Infants born prior to 33 weeks of gestation were eligible for this study once they were older than 40 weeks PMA (ie post term). If their parents gave informed written consent, infants were studied supine and prone, after each position had been maintained up to three hours.
The order in which the positions were studied was randomised between babies. In each position, first the infant's response to added dead space was examined and then their respiratory muscle strength, respiratory drive and lung volume were assessed. Infants were studied while in quiet sleep, with their eyes closed and breathing quietly.
To assess the response to added dead space, a face mask was placed over the infant's nose and mouth. Tubing Airway occlusions were performed using a T-piece containing a one way non-rebreathing valve attached to the distal end of the pneumotachograph. Airway occlusion was initiated by occluding the inspiratory limb of the T-piece during the preceding expiratory phase, the valve in the expiratory limb allowed expiration, but not inspiration. Each occlusion was maintained until the infant had made at least five respiratory efforts. At least five sets of occlusions were performed. The reported MIOP was the largest inspiratory pressure generated during 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   6 the series of occlusions (8) . Respiratory drive was assessed by measurement of the inspiratory pressure generated during the first 100 milliseconds of the first inspiratory effort during each occlusion (P 0.1 ). The reported P 0.1 was the mean of the series of occlusions.
Lung volume can affect respiratory muscle strength, hence at the end of each three hour period, lung volume was assessed by measurement of functional residual capacity (FRC) using a helium gas dilution technique (9) . The FRC system (Equilibrated Biosystems Inc, Series 7700, Melville, NY) contained a rebreathing bag as the system reservoir and a specially designed infant circuit (total volume 95 mL). A facemask (Rendell Baker, Laerdal, Norway) was held snugly over the infant's nose and mouth. Silicone putty was used around the mask to achieve an airtight seal. The facemask was connected to the re-breathing bag via a three-way valve, actuation of which switched the infant from breathing ambient room air to breathing the test gas mixture (10% He, balance O 2 ) in the rebreathing bag. During the measurement, if there was no change in the helium concentration over a 15-second period, equilibration was deemed to have occurred. The initial and equilibration helium concentrations were used in the calculation of FRC, which was corrected for oxygen consumption (assumed to be 7 ml/kg/minute) (10)) and for body temperature, pressure and water vapor-saturated conditions. FRC was measured twice in each position and the results of the paired measurements were averaged and related to body weight. The co-efficient of repeatability of FRC in non ventilated infants is 3.9 ml/kg (11).
Statistical Analysis
Differences in the results in the two positions were assessed for statistical significance using the paired Wilcoxon Rank Sum Test. Spearman's correlation coefficients were calculated to determine the strengths of any relationships between the change in the minute volume or the time constant of the response to the added dead space and MIOP or P 0.1 . To assess whether the response to added dead space post term was poorer post term than at 36 weeks PMA, 
Sample Size
In a previous study (5), we demonstrated that the coefficient of repeatability of TC was 11
seconds. Recruitment of 20 infants allowed, with at least 80% power at the 5% level, PMA, but none were oxygen dependent at the time of study. None of the infants were receiving any medication when studied. Three mothers had smoked during pregnancy. The twelve infants included in our previous study (6) Figure   2 ). There were no significant differences in the respiratory timings or minute ventilation at baseline between the two positions ( Table 1) . The median T i was significantly longer in the prone compared to the supine position after the dead space was added ( Table 1 ).
The median MIOP tended to be lower in the prone compared to the supine position (p=0.07), but there was no significant correlations between the response to tube breathing and MIOP in either position. The median P 0.1 was significantly lower in the prone compared to the supine positions (p=0.003), but there were no significant correlations between the response to tube breathing and P 0.1 in either position. The median FRC was significantly higher in the prone compared to the supine position (p=0.031) ( Table 1) .
Comparisons of the results of the infants studied at 36 weeks PMA and those studied post term revealed no significant differences in the median changes in minute volume or the time constant, but that the median MIOP was significantly greater in both positions post term (p<0.001) ( Table 2 
DISCUSSION
We have demonstrated that at a high risk age for SIDS (2) , the response to added dead space in prematurely born infants was poorer in the prone compared to the supine position, as the time constant was significantly longer in the prone position. Hypercarbia is the most important stimulus to ventilation during added dead space (tube breathing), as measurements in air and 30% oxygen yielded similar results (12) and no effect of resistance was found in experiments involving prematurely born infants (12) . Our results then suggest that prematurely born infants at the high risk age for SIDS have a dampened response to hypercarbia in the prone position. The time constant during tube breathing is shorter in active compared with quiet sleep (3) . To avoid such a confounding effect, infants were always tested when they were in quiet sleep. Maternal smoking during pregnancy is associated with an impaired response to added dead space (5). Three infants studied had mothers who were smokers, but our results were not biased by their inclusion as we compared the response of all the infants in two positions.
The dampened response to added dead space in the prone position may indicate reduced respiratory drive in that position. Indeed we did find that the P 0.1 was significantly lower in the prone compared to the supine position. P 0.1 is influenced by respiratory muscle strength, but there was no significant difference in the median MIOP between positions. As we had demonstrated previously (13), the median FRC was higher in the prone compared to the supine position. Although the difference was significant, however, the magnitude of the difference was relatively small and unlikely to influence MIOP (14) . It is possible, however, that the difference in FRC may have affected the strength of the Hering-Breuer inflation reflex. The Hering-Breuer inflation reflex which terminates inspiration and prolongs expiration in response to lung inflation (15) is stronger in the prone compared to the supine position (16, 17) . Differences in the strength of the reflex between positions in prematurely born infants have been shown to be significantly correlated with differences in lung volume (17) . In addition, in healthy adults the strength of the Hering-Breuer reflex was directly proportional to increasing lung volume (18) . A possible explanation for our results, then, is that the significantly increased FRC in the prone position was associated with increased feedback from pulmonary stretch receptors which reduced ventilatory drive as evidenced by a lower P 0.1 and a longer time constant in response to added deadspace.
Ideally, to have assessed the effect of postmenstrual age on the response to dead space, we would have undertaken serial measurements on the same group of babies, but were unable to do this only in a subset of our study population. The same equipment and methodology, however, was used in both studies. Indeed, one of the researchers was involved in making certain of the measurements in both studies and the same team analysed the results of the two studies using the same techniques. The only difference in the two studies was in the first one (6), the infants were studied while awake and in the one currently reported the infants were studied while in quiet sleep. In quiet sleep there is less variability in minute volume than when infants are in active sleep or awake, but this would not affect the time constant of the response. We, thus, feel it is appropriate to pool the results of the two studies.
Despite the median MIOP being significantly greater post term than at 36 weeks PMA, the response to added dead space was not significantly better, suggesting respiratory muscle strength (above a crucial level) may not be a major determinant of the response to added dead space. There were no statistically significant differences in the time constants in either position post term compared to 36 weeks PMA. The paired analysis in the study population overall and in the subgroup, however, demonstrated the levels of significance were greater post term than at 36 weeks PMA, indicating that a greater proportion of the infants had longer time constants in the prone compared to the supine position post term than at 36 weeks PMA. We also found a significant correlation between the time constant of the response to added dead space and postmenstrual age in the prone position, that is, the response to added dead space was slower with increasing postmenstrual age. A possible explanation for the reduced response rate to added dead space with increasing postnatal age might be maturational changes in the Hering-Breuer inflation reflex. There are few longitudinal studies of maturational changes in the Hering-Breuer reflex, but in term born infants, the strength of the reflex appears to diminish between two and twelve months of age (19) . In prematurely born infants an initial increase in the strength of the reflex from birth to 40 weeks PMA has been described, but the reflex strength was lower when the infants were examined four months after their expected date of delivery (20) . Others (21) have demonstrated a reduction in the strength of the reflex in prematurely born infants from birth, but the study was performed over thirty years ago. Thus, it (21) would have included infants not exposed to either antenatal steroids or postnatal surfactant and with different lung function from the present population of very prematurely born infants. In addition, it is likely the infants were studied supine (21) . We speculate that the strength of the Hering-Breuer reflex in the prone position may be maximal in prematurely born infants at the critical age for SIDS and could contribute to their reduced response to added deadspace.
In conclusion, we have demonstrated that prematurely born infants at the high risk age for SIDS had a poorer response to an added dead space in the prone compared to the supine position. In addition, the rate of response to the added dead space in the prone position was significantly damped with increasing postmenstrual age up to the critical age for SIDS.
These findings lend support to the hypothesis that a poorer response to a stress may contribute to the increased vulnerability of prematurely born infants to SIDS in the prone position. (SIDS) in the prone position might be explained by a reduced ability to respond to a stress, such as hypercarbia, in that position; our objective, therefore, was to further explore the influence of position on the response to a stress.
Working hypothesis:
The ability of prematurely born infants to respond to added dead space in the prone compared to the supine position would be impaired at the high risk age for SIDS.
Patients: Twenty infants, median gestational age of 30 (range 24-32) weeks were studied at a median postmenstrual age (PMA) of 45 weeks. In addition, comparisons were made to the results of 25 infants studied at 36 weeks PMA.
Methodology: Infants were studied supine and prone. Breath by breath minute volume was measured at baseline and after a dead space was incorporated into the breathing circuit; the time constant of the response was calculated. The pressure generated in the first 100 msec of an occlusion (P 0.1 ), the maximum inspiratory pressure during an airway occlusion and functional residual capacity (FRC) were also measured in both positions.
Results:
The median time constant was longer (38 (range 15-85) versus 26 (range 2-40) seconds (p=0.002)). P 0.1 lower (p=0.003) and FRC higher (p=0.031) in the prone compared to the supine position. In the prone position, the time constant correlated with PMA (p=0.047), ie. the rate of response to added dead space was significantly damped with increasing postnatal age up to the critical age for SIDS.
Conclusions:
The dampened rate of response to added dead space in the prone compared to the supine position lends support to the hypothesis that a poorer response to a stress may contribute to prematurely born infants increased risk of SIDS in the prone position.
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MATERIALS AND METHODS
To assess the response to added dead space, a face mask was placed over the infant's nose and mouth. Tubing Airway occlusions were performed using a T-piece containing a one way non-rebreathing valve attached to the distal end of the pneumotachograph. Airway occlusion was initiated by occluding the inspiratory limb of the T-piece during the preceding expiratory phase, the valve in the expiratory limb allowed expiration, but not inspiration. Each occlusion was maintained until the infant had made at least five respiratory efforts. At least five sets of occlusions were performed. The reported MIOP was the largest inspiratory pressure generated during (8) . Respiratory drive was assessed by measurement of the inspiratory pressure generated during the first 100 milliseconds of the first inspiratory effort during each occlusion (P 0.1 ). The reported P 0.1 was the mean of the series of occlusions.
Statistical Analysis
Differences in the results in the two positions were assessed for statistical significance using the paired Wilcoxon Rank Sum Test. Spearman's correlation coefficients were calculated to determine the strengths of any relationships between the change in the minute volume or the time constant of the response to the added dead space and MIOP or P 0.1 . To assess whether the response to added dead space post term was poorer post term than at 36 weeks PMA, we compared the results from this study to those we have previously published from 25 infants, median gestational age 30 (range 26-32 weeks) studied at 36 weeks PMA (6) .
Differences between results at 36 weeks PMA and post term were assessed for statistical significance using the Mann Whitney U-Test. Twelve infants were included in this and our previous study (6) , differences in the time constant results in the two positions at 36 weeks PMA and post term were assessed for statistical significance using the paired Wilcoxon Rank Sum test. Using all the results from the two studies, Spearman's correlation co-efficients were calculated to determine the strength of any relationships between the change in minute volume or the time constant and postmenstrual age. Analysis was performed using SPSS version 12.0, SPSS Inc, Chicago, Illinois 60606, USA.
Sample Size
seconds. Recruitment of 20 infants allowed, with at least 80% power at the 5% level, 
RESULTS
The addition of the dead space resulted in an increase in minute volume in both the prone and supine positions ( Table 1) . The difference between positions in the percentage change in minute volume was not statistically significant. The time constant of the response was significantly longer in the prone compared to the supine position (p=0.002) ( Table 1 ) ( Figure   2 ). There were no significant differences in the respiratory timings or minute ventilation at baseline between the two positions ( Table 1) . The median T i was significantly longer in the prone compared to the supine position after the dead space was added ( Table 1 ).
Comparisons of the results of the infants studied at 36 weeks PMA and those studied post term revealed no significant differences in the median changes in minute volume or the time constant, but that the median MIOP was significantly greater in both positions post term (p<0.001) ( Table 2 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
DISCUSSION
These findings lend support to the hypothesis that a poorer response to a stress may contribute to the increased vulnerability of prematurely born infants to SIDS in the prone position. (A) The arrows show the direction of gas flow before the dead space is added.
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